Introduction {#s1}
============

Adolescence is a time of remarkable physical and behavioral change when individuals transition from a life of dependence on caregivers towards self-sufficiency. But it is also a period of increasing incidence of psychiatric illness. The National Comorbidity Survey Replication indicated that the peak age of onset for any mental health disorder is 14 years [@pone.0062978-Kessler1]. Anxiety disorders, bipolar disorder, depression, eating disorders, schizophrenia and substance abuse commonly emerge during adolescence [@pone.0062978-Paus1].

During human adolescence profound structural changes take place in areas related to executive function and reward processing such as the medial prefrontal cortex (mPFC). Remarkably, structural synaptic refinement during adolescence has been demonstrated in humans [@pone.0062978-Huttenlocher1], non-human primates [@pone.0062978-Rakic1], [@pone.0062978-Zecevic1], [@pone.0062978-Bourgeois1], [@pone.0062978-Anderson1] and rodents [@pone.0062978-Zuo1], [@pone.0062978-Zuo2]. This "synaptic pruning" has been interpreted as a process by which 'redundant' synapses that were overproduced in the early years of life are eliminated resulting in a refinement of the cortical circuit [@pone.0062978-Changeux1], [@pone.0062978-Paus2]. Interestingly, circuit refinement is especially important in areas that have coincidentally been involved in psychiatric disorders with adolescent onset [@pone.0062978-Steinberg1].

Synaptic pruning is part of a more general process of brain maturation involving metabolic [@pone.0062978-Chugani1], [@pone.0062978-Jacobs1], gene expression profiling [@pone.0062978-Harris1], [@pone.0062978-Somel1], and functional changes [@pone.0062978-Whitford1], [@pone.0062978-Feinberg1], which extend the period of prefrontal development up to young adulthood in humans. Consistent with the view of protracted cortical circuit maturation, activation of frontal regions is more focused in adults than in children and adolescents during tasks involving working memory, executive control and visual processing [@pone.0062978-Casey1], [@pone.0062978-Casey2]. Although cortical maturation may underlie the changes that occur during adolescence in various aspects of cognitive functioning [@pone.0062978-Steinberg1], [@pone.0062978-Blakemore1], we still have limited information about the neurophysiological processes that link anatomical changes to cognitive functions.

During adolescence, rodents, like humans and other mammals, are faced with similar developmental challenges of acquiring the necessary skills to permit survival away from parental caretakers as they undergo puberty [@pone.0062978-Spear1]. Like primates, rodents pass through a period of increased risk taking and novelty seeking [@pone.0062978-Darmani1], [@pone.0062978-Adriani1], [@pone.0062978-Laviola1], enhanced appetite for rewards [@pone.0062978-Spear2], and increased anxiety [@pone.0062978-Hascoet1], [@pone.0062978-Macri1] accompanying puberty. Social behavior ontogeny in mice also resembles adolescent development of other mammalian species, with a reported peak in social play and social interaction behaviors around early adolescence -postnatal day (PD) 35- [@pone.0062978-Terranova1], accompanying the acquisition of sexual competence (for revision see [@pone.0062978-Spear1]). Paralleling findings in primates, synaptic density declines during adolescence in rodents [@pone.0062978-Zuo1], [@pone.0062978-Zuo2], [@pone.0062978-Dyson1], [@pone.0062978-Adams1], [@pone.0062978-Markus1]. Moreover, the volume of the rat mPFC -assessed histologically- peaks before puberty (PD 28) and declines during adolescence towards adult levels [@pone.0062978-VanEden1]. Further supporting parallel developmental mechanisms across rodents and primates, age related gene expression trajectories are overall conserved among humans, chimpanzees, and mice [@pone.0062978-Somel2]. The demarcation of a period resembling adolescence in rodents allowed performing detailed physiological studies that have shown a decrease in evoked postsynaptic responses in layer V pyramidal neurons of the mPFC and changes in the sensitivity of mPFC pyramidal neurons and interneurons to dopamine receptor stimulation, during adolescence [@pone.0062978-Tseng1], [@pone.0062978-Heng1]. Though, *in vivo* studies showing a physiological maturation of the mPFC at the circuit level are lacking.

Cognitive functioning requires formation of transient coalitions of neurons, which become entrained to transient high frequency (gamma) rhythms. When a subject is not under high cognitive demand, these same neurons are entrained to resting rhythms [@pone.0062978-Engel1], [@pone.0062978-Varela1], [@pone.0062978-Uhlhaas1]. Cognitive functioning may depend on the ability of neurons to disengage from ongoing rhythms to take part in a dynamic coalition during a task [@pone.0062978-Whittington1]. Although structural and functional synaptic changes occurring during adolescence may be expected to impact on neuronal synchronization, little is known about maturation of neuron entrainment to gamma rhythms in the transition from childhood to adulthood. To evaluate the physiological maturation that undergo the mPFC circuit during adolescence, we recorded pyramidal neurons and interneurons and local field potential (LFP) activity from the mPFC of juvenile and adult mice during well defined global cortical states induced by anesthesia.

Materials and Methods {#s2}
=====================

Ethics Statement: all experimental procedures were in accordance with institutional (Institutional Animal Care and Use Committee of the School of Medicine, University of Buenos Aires) and government regulations (SENASA: Servicio Nacional de Sanidad y Calidad Agroalimentaria, RS617/2002, Argentina). This study was specifically approved by the Institutional Animal Care and Use Committee of the School of Medicine, University of Buenos Aires (RS2964/2010). All efforts were made to minimize the number of animals used and their suffering. All surgeries were performed under urethane anesthesia. Fourteen male C57BL/6 mice (seven 28--32 days old and seven 3--4 month old) were maintained on a 12 h light: 12 h dark cycle, at constant temperature (21°--24°C) with free access to food and water. Adolescence in mice extends from around PD 35 to 55, and is generally considered young adults around two month of age [@pone.0062978-Spear1].

Mice were anesthetized with urethane (1.6 g/kg, i.p.), treated with a local anesthetic in the scalp and pressure points (bupivacaine hydrochlorate solution, 5% wv/v, Durocaine, AstraZeneca S.A., Argentina 0.1--0.3 ml) and secured to a stereotaxic frame (Stoelting Co, Wood Dale, IL, USA). Temperature was maintained between 36--37°C with a servo-controlled heating pad. Additional urethane was administered as required to retain an abolished reflex response to a tail pinch [@pone.0062978-Galianes1] (customarily 0.1 to 0.2 g/kg i.p. every two to four hours).

The prevalent global brain states under urethane are characterized by either slow in the cortical EEG ("slow wave state") or spontaneous desynchronization of the cortical EEG with theta activity in the hippocampus [@pone.0062978-Kasanetz1], [@pone.0062978-Gervasoni1] ("desynchronized state"). The cortical and hippocampal EEG (0.1--300 Hz bandwidth) were recorded through two concentric bipolar electrodes (SNE-100, Better Hospital Equipment, Rockville Centre, NY, U.S.A.) positioned at 1.8 mm anterior to bregma, 0.8 mm from midline and 1 mm from cortical surface (frontal cortex) and 2.2 mm posterior to bregma, 1.7 mm from midline and 2 mm from cortical surface (hippocampus). Custom made software allowed automatic selection of epochs with low slow wave relative power (0.45--1.8 Hz) in PFC and high theta relative power (3.5--7 Hz) in the hippocampus. At least 15 minutes of neuronal activity were analyzed for each animal.

Extracellular recordings of mPFC (1.3--2.2 mm anterior to bregma, 0.8 mm from midline with a 10° angle in the coronal plane, 1.5--2.6 mm below cortical surface) were acquired from 24 channels of a two-shank silicon probe (100 µm vertical site spacing and 500 µm horizontal shank spacing; NeuroNexus Technologies, Ann Arbor, MI). We restricted our analysis to the mPFC (infralimbic and prelimbic areas) since this region has anatomical and functional similarities with the primate dorsolateral prefrontal cortex and the anterior cingulate cortex [@pone.0062978-Uylings1], [@pone.0062978-Uylings2], [@pone.0062978-VanDeWerd1]. Moreover, electrophysiological and computational evidence suggested that the rodent medial PFC combine elements of these two primate areas at rudimentary level [@pone.0062978-Seamans1]. Signals were amplified and band pass filtered to obtain local field potentials (LFP; 4--300 Hz) and multiunitary action potential activity (300--3000 Hz) stemming from the same recording sites. All signals were digitized at 25 kHz and stored in a computer for offline analysis. Spike sorting was performed off line as described in [@pone.0062978-Zold1] by using *wave_clus* [@pone.0062978-Quiroga1]. Well isolated units were classified off-line according to published criteria as interneurons or putative pyramidal neurons based on spike waveforms [@pone.0062978-Bartho1].

Custom made Matlab routines were used to determine the relationship between spike discharges and frequency components of the LFP in the desynchronized state. The LFP was digitally filtered (zero phase-lag Butterworth digital filter) to obtain the following band-passed waveforms: 4--7 (theta), 8--12 (alpha), 13--30 (beta), 30--48 (low gamma) and 52--80 Hz (high gamma). A Hilbert transform was used to obtain the phase angle at every point of each waveform ("instantaneous phase"). Next, the number of spikes occurring at different phase angles of each waveform was depicted in circular plots (bin size: 10°). Phase locking of spike discharges to a given frequency band was determined by assessing deviation from uniformity in these circular plots with the Rayleigh test. The strength of synchronization was further assessed by comparing the module of the resultant vectors summarizing these circular distributions [@pone.0062978-Fisher1]. Units with less than 100 recorded spikes were excluded from this analysis. Statistical analysis (including student t-test, two way ANOVAs followed by Newman-Keuls post hoc test, Fisher exact test for proportions) was performed with Statistica 7 (StatSoft Inc., OK, USA) and fitting curves were obtained with Prism 4.0 (Graphpad Software, CA, USA).

At the end of each experiment, animals received a lethal dose of urethane and were transcardially perfused with 10 ml cold saline solution followed by 20 ml of buffered paraformaldehyde (4% w/v in 0.1 M phosphate-buffer, PB). Brains were removed, immersed for 30--45 minutes in the same fixative at room temperature, and stored in 0.1 M PB containing 15% sucrose at 4°C for 24--72 hours. Coronal brain sections were cut with a freezing microtome (50 µm) for histological reconstructions. Location of the concentric bipolar electrodes was assessed by visual examination of the mechanical tissue damage in the coronal sections using a transmitted light microscope at low magnification. In order to determine the location of the silicon probe recording sites, before each experiment the multi-electrode was immersed in a red fluorescent dye (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate, 100 mg/ml in acetone; DiI, Molecular Probes) and air dried for 30 minutes before use. This allowed detecting the fluorescent material deposited in the tissue with an epifluorescence microscope. In all cases, photomicrographies were obtained from sections of interest for subsequent reconstruction of recording sites.

Results {#s3}
=======

Global Brain States are Comparable in Juvenile and Adult Mice {#s3a}
-------------------------------------------------------------

To analyze the functional changes induced by adolescent maturation in the mPFC we measured local field potentials (LFPs) together with neuronal firing activity in juvenile and adult wild type mice with a multichannel electrode ([Figure 1A](#pone-0062978-g001){ref-type="fig"}). The use of general anesthesia to explore mPFC properties allow us to minimize the impact of peripheral inputs that may vary across developmental stages [@pone.0062978-Cheetham1], [@pone.0062978-Kremer1]. Mice anesthetized with urethane display well characterized global brain states ([Figure 1B--C](#pone-0062978-g001){ref-type="fig"}). The prevalent slow wave state shows coordinated delta oscillatory activity across the cortex resembling natural Slow Wave Sleep. However, cortical activity spontaneously switches back and forth to a desynchronized state with enhanced high-frequency components resembling wakefulness EEG [@pone.0062978-Clement1]. Frontal cortex electrocorticogram (cortical EEG) and hippocampal global activity (hippocampal EEG) were simultaneously recorded with macroelectrodes to define epochs of slow wave and desynchronized states ([Figure 1B--C](#pone-0062978-g001){ref-type="fig"}). To avoid any sampling bias in state identification a custom made algorithm was used to automatically identify periods of each brain state from the entire recording session ([Figure 1B](#pone-0062978-g001){ref-type="fig"}). Fourier analysis of frequency components for each global brain state showed no significant differences in frontal cortex activity between epochs extracted from juvenile and adult mice ([Figure 2A](#pone-0062978-g002){ref-type="fig"}). A small but significant shift was observed for peak frequency of hippocampal theta oscillation between juveniles and adults ([Figure 2B](#pone-0062978-g002){ref-type="fig"}, inset). Similar results were obtained for the analysis of LFPs recorded from the mPFC with the multichannel electrode, during the slow wave and desynchronized states (Figure S1 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}), suggesting that global cortical rhythms under anesthesia are not markedly affected by adolescent maturation.

![Recording of mPFC activity under different global brain states.\
**A.** Positioning of a multichannel recording "silicon probe" in the medial PFC (left) and of bipolar electrodes in the frontal cortex (cortical EEG) and hippocampus (hippocampal EEG, right). **B.** Representative example showing the cortical and hippocampal EEG patterns seen in mice under urethane anesthesia, the mirror changes in relative power taking place in a low frequency band recorded from the frontal cortex (purple trace) and the theta band recorded from the hippocampus (light blue), and the epochs selected automatically by the algorithm used to classify the global brain states (green and grey). **C.** Representative recording during a transition from the slow wave state (box) to the desynchronized state. Note at right the lower amplitude and higher frequency of the cortical EEG accompanied with theta activity in the hippocampus, which are characteristic of the desynchronized state. The two lower traces show activity in one channel of the silicon probe after being bandpass filtered to separate multiunit activity (MUA) and the local field potential (LFP).](pone.0062978.g001){#pone-0062978-g001}

![Juvenile and adult mice show similar global brain states under urethane anesthesia.\
Relative power spectra corresponding to cortical (**A**) and hippocampal EEG (**B**), in juvenile and adult mice, in slow wave and desynchronized states. The data are the relative power encompassed between the 95% confidence intervals of the mean. Juveniles and adults show similar frequency composition of cortical and hippocampal EEG, but hippocampal theta shows a slightly higher frequency in adults (4.33±0.07 vs. 4.67±0.08 Hz; p\<0.01, t-test).](pone.0062978.g002){#pone-0062978-g002}

mPFC Neurons are Differentially Entrained by Local Rhythms {#s3b}
----------------------------------------------------------

We next focused our attention to neural activity from mPFC neurons. Due to similarities in network dynamics of the desynchronized state seen under urethane with the awaken state we restricted the analysis of neuronal activity to this condition [@pone.0062978-Clement1], [@pone.0062978-Steriade1], [@pone.0062978-Destexhe1]. We recorded a total of 26 interneurons from 102 recording sites in 7 juvenile mice and 39 interneurons from 101 recording sites in 7 adult wild-type mice. Units were classified off-line according to published criteria as interneurons or pyramidal neurons based on spike waveforms (Figure S2 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}). After identifying a putative interneuron, we isolated pyramidal neurons (32 in juvenile and 35 in adult mice) from the same or adjacent recording sites for comparative purposes. Seen through a multichannel electrode, located at a pre-established stereotaxic position along the mPFC, the total number of spikes per second measured for both cell types was not affected by adolescent maturation (pyramidal neurons: 2.81±0.41 in juveniles vs. 3.06±0.40 in adults, p = 0.66, t-test; interneurons: 3.49±0.55 in juveniles vs. 4.79±1.02 in adults, p = 0.33, t-test). However, the temporospatial organization of spike firing in the mPFC differed between adolescents and adults.

Neural networks do not only encode information by unitary firing rate but also by the relative timing of spikes in the neuronal population with respect to an ongoing brain oscillation [@pone.0062978-Engel1], [@pone.0062978-Varela1], [@pone.0062978-Uhlhaas1]. Entrainment of neural firing to oscillations is not only seen during cognitive activity, but also during quiet resting [@pone.0062978-Raichle1], sleep [@pone.0062978-Contreras1], and anesthesia [@pone.0062978-Vincent1]. Under these resting conditions, entrainment of firing to ongoing oscillations tells about the network connectivity [@pone.0062978-Buzsaki1]. To explore the impact of adolescent maturation in neural synchronization we measured the entrainment of all active sites in mPFC (including multi-unit and single-unit recordings) to different LFP oscillations in juvenile and adult mice. For any neuron or recording site, synchronization was assessed by plotting the rate of occurrence of spikes as function of the phase of an oscillation, where oscillations were all the physiologically relevant bands in the LFP, covering the spectrum from low (theta: 4 to 7 Hz) to high frequency oscillations (high-gamma 50 to 80 Hz). Thus, if a neuron fires preferentially at the trough of a given oscillation, this will produce an asymmetric circular distribution with a peak at 180°. This asymmetry can be summarized with a vector whose angle and length are the phase and strength of entrainment, respectively ([Figure 3](#pone-0062978-g003){ref-type="fig"}) Units were considered entrained to a given band when exhibited a statistically significant asymmetrical distribution (p\<0.05 Rayleigh test). Statistical analysis revealed a complex pattern of neuronal coupling, with only a few units displaying entrainment to all frequency bands (pyramidal 1.5%, interneurons 3.1%) and others entrained to specific bands only ([Figure 3B](#pone-0062978-g003){ref-type="fig"}). Regardless of age, the proportion of entrained units, as well as the strength of coupling, increased from low to high frequencies, with only a small fraction of units with significant entrainment in theta and alpha bands for both cell types (pyramidal: 17.9% in theta, 14.9% in alpha; interneurons: 24.6% in theta, 20.0% in alpha). In contrast, more than 70% of the pyramidal cells and interneurons were entrained to high gamma. We found that there is no contribution of spike waveform contamination to LFP locking and, in our conditions, this factor cannot account for the results we have observed (Figure S3 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}). This complex pattern of oscillatory entrainment opens the possibility that developmental changes during adolescence differentially affect channels of information processing linked to specific oscillatory rhythms.

![Neurons synchronize preferentially to gamma activity in the mPFC.\
**A.** Representative traces showing the raw multiunit activity (MUA) and local field potential (LFP) recorded through one contact of a silicon probe located in the mPFC of an adolescent mouse. The traces shown below show signals resulting from band-pass digital filtering the LFP for alpha and high gamma bands. The green and red dots mark the occurrence of spikes from a pyramidal neuron sorted from MUA. Note the preferential occurrence of spikes in the troughs of the gamma oscillation. **B.** Spike-phase plots (bin size 10°) showing a uniform distribution of spikes across phases for the alpha band and a markedly non-uniform distribution for the same spikes across phases for the gamma band (statistically evaluated by the Rayleigh test). The plots correspond to the neuron shown in A. The resultant vector of the distribution has an angle (locking phase) and a length or module (locking strength). The numbers at the upper right quadrant of the plots refer to the radial axes of frequency distribution and vector length.](pone.0062978.g003){#pone-0062978-g003}

Adolescent Maturation Results in Refined Entrainment of mPFC Neurons to Gamma Oscillations {#s3c}
------------------------------------------------------------------------------------------

Adolescence has been associated with changes in circuit wiring, as seen at the level of synaptic spines [@pone.0062978-Sowell1] and brain imaging [@pone.0062978-Lebel1], which could have a parallel in neural synchrony. Analysis of juvenile versus adult mice showed that adolescent maturation results in a significant reduction of entrainment of mPFC neurons restricted to gamma oscillations ([Figure 4](#pone-0062978-g004){ref-type="fig"} and Figure S4 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}). Reduction in strength of gamma entrainment in adults was accompanied by a global decrease in number of recording sites significantly entrained to high-gamma oscillations (MUA: 94.7% in juvenile 80.6% in adults p\<0.005, Fisher exact test). No significant differences were observed in entrainment of neurons to theta and alpha oscillations between juveniles and adults, neither in multiunit recordings ([Figure 4A](#pone-0062978-g004){ref-type="fig"}) nor in well isolated pyramidal cells ([Figure 4B](#pone-0062978-g004){ref-type="fig"}) or interneurons ([Figure 4C](#pone-0062978-g004){ref-type="fig"}). While an important number of recording sites showed significant coupling in the beta band (pyramidal: 40.6% juveniles and 31.4% adults; interneurons: 46.1% juveniles and 33.3% adults) no significant differences were obtained in beta entrainment of pyramidal neurons and interneurons between juvenile and adults ([Figure 4A--C](#pone-0062978-g004){ref-type="fig"}), reinforcing the notion of a selective reduction in the gamma range. The reduction in entrainment strength to gamma is robust and can be demonstrated in multiunit recordings ([Figure 4A](#pone-0062978-g004){ref-type="fig"}), across the whole population of well isolated pyramidal cells and interneurons ([Figure 4B--C](#pone-0062978-g004){ref-type="fig"}), or when considering exclusively those well isolated neurons showing significantly asymmetric circular distributions (data no shown). Interestingly, comparison of high-gamma entrainment show significantly higher values for pyramidal cells than for interneurons irrespectively of age (pyramidal cells: 0.22±0.01 vs. interneurons: 0.14±0.07, p\<0.0001, t-test, juveniles and adults pooled together) although the entrainment angle was similar regardless of age and neuron type (data not shown). To exclude the possibility that the entrainment reduction observed between ages could emerge as a consequence of a differential impact of anesthesia we calculated an anesthesia-depth index for the whole recording session for each animal (Figure S5 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}). No significant correlation was detected between the anesthesia level and neuronal high-gamma entrainment, neither in juvenile nor in adults (Figure S5 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}). Also, no significant differences were observed in the anesthesia index between juvenile and adults (2.18±0.12 vs. 2.33±0.15 respectively, student test t12 = 0.73 p = 0.47). Moreover, the same age-related differences were obtained for high-gamma entrainment in a complete different anesthetic state (Figure S6 in [File S1](#pone.0062978.s001){ref-type="supplementary-material"}) ruling out a possible bias of entrainment measurement due to anesthesia differences between juvenile and adults.

![Selective reduction of gamma entrainment of mPFC neurons during adolescence.\
The strength of synchronization between spikes and LFP in the mPFC was assessed by computing the resultant vector of circular distributions as shown in [Figure 3](#pone-0062978-g003){ref-type="fig"}. Entrainment magnitude refers to the average vector length ± SEM across units. In **A**, all spikes in each mPFC recording site (95 sites in juveniles, 98 sites in adults) were used to compute the circular distributions (multiunit activity). **B** shows the average vector length for all well sorted pyramidal neurons (32 in juvenile and 35 in adult mice), and **C** shows average vector length for all well isolated interneurons (25 in juvenile and 38 in adult mice). Statistical analysis showed significant interaction between age and oscillatory band in all cases, repeated measures ANOVA interaction: MUA F~4,764~ = 21.0 p\<0.0001, pyramidal cells F~4,260~ = 4.37 p\<0.005, interneurons F~4,244~ = 2.47 p\<0.05; \*p\<0.05; \*\*\*p\<0.001 juvenile vs. adult Newman-Keuls post hoc test.](pone.0062978.g004){#pone-0062978-g004}

These results support the view that transition from pre-adolescent stage to adulthood is accompanied by a shift from generalized unit entrainment to gamma oscillations towards a more finely tuned coupling, without changes in the overall level of activity in mPFC. This refinement occurs in parallel for pyramidal cells and interneurons, suggesting that a pre-established balance between excitation and inhibition is maintained into adulthood.

Increased Spatial Resolution for Interneuron Entrainment to Gamma Oscillations after Adolescence {#s3d}
------------------------------------------------------------------------------------------------

Self-organized gamma oscillations in the neocortex are transient, highly localized and emerge simultaneously at multiple cortical locations [@pone.0062978-Sirota1]. To investigate if the refinement we observed after adolescence affects the spatial organization of the mPFC we evaluated the decay with distance of gamma entrainment in juvenile and adult mice. Due to the regular geometry of the multichannel electrode used in our recordings we have been able to calculate the entrainment of a particular neuron to LFPs obtained from the neuron's recording site and from regularly-spaced distant ones ([Figure 5A](#pone-0062978-g005){ref-type="fig"}).

![Reduced span of interneuron entrainment to gamma oscillations in adults.\
**A.** Schematic representation showing the localization of recording sites in the mPFC. A coronal section of a representative animal was photographed under transmitted light and epifluorescence to show the location of fluorescent material left by the labeled silicon probe in the mPFC. To estimate the span of neuronal synchronization to gamma oscillations, we took the spikes of a given recording site and computed their spike-phase circular distribution for the LFP in the recording site from which they were recorded and for LFPs at other recording sites along the electrode. In this example, three circular distributions are depicted for one unit, representing the entrainment with the local LFP (cero distance) and LFPs obtained 100 and 400 µm apart. **B** and **C.** Entrainment strength to high-gamma oscillations as function of distance along the mPFC, for pyramidal neurons (**B**) and interneurons (**C**). In adults, interneuron entrainment to high gamma is more spatially restricted than in juveniles. \* p\<0.05 Newman-Keuls post hoc test after a two way ANOVA for repeated measures with significant interaction. Note that pyramidal neurons show a very local entrainment to gamma, whereas interneurons are coupled to gamma recorded 200 µm apart. Entrainment magnitude refers to the average vector length ± SEM at each LFP recording site along the mPFC.](pone.0062978.g005){#pone-0062978-g005}

A global analysis of our results shows that entrainment of pyramidal units and interneurons decays exponentially with distance in both, juvenile and adult groups ([Figure 5B, C](#pone-0062978-g005){ref-type="fig"}). However, entrainment decays more abruptly for pyramidal cells than interneurons, independently of the animals age (space constant for interneurons 92.6±11.5 µm, pyramidal 41.6±8.6 µm; p\<0.0001 extra-sum-of-squares F-test, F~2,649~ = 57.7). When developmental stage is considered, we found that adolescence maturation does not reduce the entrainment of pyramidal cells to high-gamma oscillations recorded from sites 100 microns away or farther ([Figure 5B](#pone-0062978-g005){ref-type="fig"}). In contrast, the span of interneuron entrainment is significantly affected by adolescence maturation, with a significant reduction of entrainment to LFPs recorded 100 microns apart, suggesting that gamma entrainment is more spatially circumscribed in adults than in juveniles ([Figure 5C](#pone-0062978-g005){ref-type="fig"}). Interestingly, this reduction does not completely eliminate the coupling between sites since further reduction occurs at longer distances even in adults (entrainment at 100 µm vs. 400 µm adults p\<0.05). Entrainment reaches a minimum value when distance is 300 µm for both cell types, confirming the local nature of gamma oscillations. Thus, the data show a more spatially compact functional network in the adult, with interneurons entrainment to gamma oscillations refined and reduced.

Discussion {#s4}
==========

Here we show for the first time that adolescent maturation results in a reduction of the strength and span of neuronal synchronization specific to gamma oscillations in the medial prefrontal cortex. This functional refinement occurs in parallel in pyramidal cells and interneurons without affecting either the level of neuronal activity or the global brain oscillatory rhythms. Interestingly, pyramidal cells exhibit stronger synchronization with local-gamma rhythm than interneurons; however their spatial synchronization is more circumscribed supporting the notion that interneurons integrate information over wider areas than pyramidal cells [@pone.0062978-Buzsaki1]. Notably, the spatial synchronization of interneurons, but not pyramidal cells, is reduced after adolescent maturation, as reflected by the reduction in magnitude of gamma-entrainment to distant sites within the mPFC. The 100 µm span between recording sites in the electrode arrays may have limited our analysis of spatial entrainment in the PFC. This is specially true for pyramidal neuron recordings, which showed no clear entrainment to the LFP recorded 100 µm away in the array. Of note, the same recording array was sufficient to reveal a reduction in interneuron spatial entrainment in adults. Whether a similar developmental effect occurs in pyramidal neurons will require the use of probes with higher density of contacts, to extend our measurements below the 100 µm limit.

Proper mPFC function depends on maintaining the correct excitation-inhibition balance. As describe above, synaptic pruning of excitatory inputs occurs during adolescence, concomitantly with a remodeling of the GABAergic local system. For instance, in nonhuman primates, the density of GABA interneuron processes increases during the prepubertal period, peaks during adolescence and then sharply declines [@pone.0062978-Anderson1], [@pone.0062978-Erickson1], with similar changes also reported in rodents. Thus, evidence shows that both components of the excitation-inhibition balance are remodeled in parallel during this period. We are here providing evidence that these anatomical and histochemical changes are paralleled by a functional refinement in neuronal entrainment to cortical rhythms. Interestingly, these changes are asymmetrical, affecting the spatial synchrony with gamma oscillations particularly in interneurons.

Based on our results we propose that increased segregation of functional modules of pyramidal cells, by their relative coupling to gamma rhythms during adolescence, results in a prefrontal cortex with greater capacity of parallel processing. In this way, the adult network will be spatially more compact, with functional modules of pyramidal cells fully consolidated and resources previously recruited in basal computations now available to participate in high demanding cognitive tasks. Consistent with this view our results show that vast majority of pyramidal cells of juvenile mice are highly entrained to gamma oscillations in resting conditions with reduced sensory-motivational inputs. Transition into adulthood results in a shift from generalized neuron entrainment to gamma oscillations towards a more finely tuned coupling, with fewer units significantly entrained and reduced magnitude of coupling per cell.

Gamma oscillations are thought to provide a temporal structure for information processing in the brain [@pone.0062978-Fries1] and have received great attention given their putative role in cognition [@pone.0062978-Tiitinen1], [@pone.0062978-Herrmann1]. In addition, abnormal gamma oscillation and synchrony have been extensively reported in relation to psychiatric disorders, including autism [@pone.0062978-Gandal1], and particularly in schizophrenia [@pone.0062978-Spencer1], [@pone.0062978-Cho1]. Moreover, abnormal gamma rhythms described in schizophrenia patients have been postulated as a determinant factor in the pathophysiology of the disorder [@pone.0062978-GonzalezBurgos1], [@pone.0062978-Uhlhaas2], [@pone.0062978-Nakazawa1], and even proposed as endophenotype for schizophrenia [@pone.0062978-Hall1]; however, in spite of the abundant literature, a clear picture has not yet emerged. An important number of publications have reported decreased gamma oscillations in schizophrenia patients during several cognitive tasks [@pone.0062978-Cho1], [@pone.0062978-Gallinat1], [@pone.0062978-BasarEroglu1], [@pone.0062978-Spencer2], nevertheless, inconsistent and opposite findings exist [@pone.0062978-Norra1], [@pone.0062978-Flynn1]. Since cortical gamma oscillations are controlled by fast-spiking interneurons [@pone.0062978-Whittington2], it has been proposed that abnormal maturation of this cell population may underlie many of the schizophrenia symptoms [@pone.0062978-Nakazawa1]. Indeed, accumulating evidence has connected interneurons with schizophrenia pathology (reviewed in [@pone.0062978-Akbarian1], [@pone.0062978-Lewis1]). Based on our results we speculated that, an abnormal maturation of the refinement we described for neuronal synchronization with gamma oscillations, could be involved in the pathophysiology of schizophrenia and other disorders with a clear developmental component during adolescence. In this way, impaired adolescent refinement will render cortical network in a gamma-over-synchronized state, with excessive neuronal resources engaged in gamma oscillations during basal demands. This excessive allocation of resources will produce a "noisy" baseline with few neurons left available to be recruited by gamma rhythms during cognitive tasks. Accordingly, several independent groups have reported a decrease in evoked-gamma oscillations and gamma synchrony in schizophrenia patients [@pone.0062978-Spencer2], [@pone.0062978-Light1], [@pone.0062978-Ferrarelli1]. Notably, measurement of resting-state activity has shown higher levels of gamma oscillations in non-medicated schizophrenia patients [@pone.0062978-Kikuchi1], supporting the idea of a reduced dynamic range for gamma entrainment as consequence of a higher baseline.

Differences in global neural activity and connectivity in adolescent prefrontal cortex, compared with adults, have been previously described in humans [@pone.0062978-Liston1], [@pone.0062978-Galvan1], [@pone.0062978-Uhlhaas3], however, little is known about the precise nature of these age-related disparities at the neuronal level. Our results show that maturation during adolescence can result in changes in neuronal synchronization without alterations in the magnitude of gamma oscillation or mean firing rate. Since analysis of gamma oscillations in human studies are usually restricted to EEG-LFP signals without access to neuronal activity, abnormalities involved in psychiatric disorders may be difficult to assess with the usual diagnostic techniques.

Core physiological properties of the desynchronized EEG, like persistent up states sustained by balanced excitation and inhibition, are very similar in the awake and anesthetized preparation [@pone.0062978-Steriade1], reviewed by [@pone.0062978-Destexhe1]. Fast rhythms --including gamma oscillations-- appear in the cortex during brain-active states in awake, REM sleep, and in desynchronized state under anesthesia, probably engaging similar, although not identical, neuronal networks and dynamics [@pone.0062978-Clement1]. Here, we have exploited the self-activation capacity of the anesthetized cortex to show how pyramidal cells and interneurons are recruited during spontaneous network activity in conditions of controlled global brain state and sensorimotor demands. Neuronal entrainment in awake animals may be under the influence of age related changes in sleep/wake parameters [@pone.0062978-Ringli1], sensorimotor activity, anxiety levels and other factors which could partially deviate neuronal entrainment from the developmental trajectory that we describe in this work. Further studies will be needed to understand the interaction between internal dynamics of the mPFC and external environments during development.

In summary, our results suggest that adolescent maturation results in a refinement of mPFC neurons engagement in oscillatory rhythms commonly associated with cognitive performance together with an increased spatial segregation of processing channels.
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